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Antiferromagnetic materials are magnetic inside, however, the direction of their ordered microscopic moments 
alternates between individual atomic sites. The resulting zero net magnetic moment makes magnetism in an- 
tiferromagnets invisible on the outside. It also implies that if information was stored in antiferromagnetic 
moments it would be insensitive to disturbing external magnetic fields, and the antiferromagnetic element 
would not affect magnetically its neighbors no matter how densely the elements were arranged in a device. 
The intrinsic high frequencies of antiferromagnetic dynamics represent another property that makes antifer- 
romagnets distinct from ferromagnets. The outstanding question is how to efficiently manipulate and detect 
the magnetic state of an antiferromagnet. In this article we give an overview of recent works addressing 
this question. We also review studies looking at merits of antiferromagnetic spintronics from a more general 
perspective of spin-ransport, magnetization dynamics, and materials research, and give a brief outlook of 
future research and applications of antiferromagnetic spintronics. 


Interesting and useless - this was the common percep¬ 
tion of antiferromagnets expressed quite explici^, for 
example, in the 1970 Nobel lecture of Louis Neel.^ Con¬ 
necting to this traditional notion we can define antifer¬ 
romagnetic spintronics as a field that makes antiferro¬ 
magnets useful and spintronics more interesting. Below 
we give an overview of this emerging field whose aim is 
to complement or replace ferromagnets in active compo¬ 
nents of spintronic devices. 

We recall some key physics roots of the field and 
first concepts of spintronic devices based on antifer¬ 
romagnetic counterparts of the non-relativistic giant- 
magnetoresistance and spin-transfer-torque phenomena.^ 
We then focus on electrical reading and writing of infor¬ 
mation, combined with robust storage, that can be real¬ 
ized in antiferromagnetic memories via relativistic mag¬ 
netoresistance and spin torque effects.!^ Related to these 
topics is the research of spintronic devices in which an¬ 
tiferromagnets act as efficient generators, detectors, and 
transmitters of spin currents. This will lead us to stud¬ 
ies exploring fast dynamics in antiferromagnet^ and dif¬ 
ferent types of antiferromagnetic materials. They range 
from insulators to superconductors. Here we comment 
also on the relation between crystal antiferromagents and 
synthetic antiferromagnets, with the latter ones play¬ 
ing an important role in spintronic sensor and memory 
devices.l^ In concluding remarks we outline some of the 
envisaged future directions of research and potential ap¬ 
plications of antiferromagnetic spintronics. 


Equilibrium properties and magnetic storage in 
antiferromagnets 

The understanding of equilibrium properties of ferro¬ 
magnets has been guided by the notion of a global molec¬ 
ular field, introduced by Pierre Weiss.^ The theory starts 


from the Curie law for paramagnets with the inverse sus¬ 
ceptibility proportional to temperature, x~^ ~ T. It 
further assumes that the externally applied uniform mag¬ 
netic held is accompanied in ferromagnets by a uniform 
internal molecular held, AM, proportional to the magne¬ 
tization M and the Weiss molecular held constant A. The 
high-temperature inverse susceptibility of ferromagnets 
is then described by the Curie-Weiss law, x~^ ^ T — 9, 
where 0 > 0 is the Curie constant proportional to A. The 
microscopic origin of the molecular held was explained by 
Heisenberg in terms of the exchange interaction between 
neighboring magnetic atoms favoring parallel alignment 
of their magnetic moments and leading to the ferromag¬ 
netic order with a large macroscopic moment below the 
Curie temperature. 

In early 1930’s, Loius Neel was drawn into the prob¬ 
lem that some materials containing magnetic elements 
and showing zero remanence at all temperatures did not 
follow the paramagnetic Curie law.® Instead they obeyed 
the Curie-Weiss law at high temperatures, however with 
a negative 9, and showed a nearly constant susceptibil¬ 
ity at low temperatures. Since at high temperatures the 
magnetic atoms with strongly thermally huctuating mo¬ 
ments can be considered identical, the global molecular 
held could still be invoked, albeit with a negative A to ex¬ 
plain the negative Curie constant. Neel pointed out that 
the microscopic origin of the negative Weiss molecular 
held is in the exchange interaction between neighboring 
magnetic atoms favoring anti-parallel alignment of their 
moments. He emphasized that this interaction is not 
compatible with a low-temperature ordered state that 
can be described by a global uniform molecular held. In¬ 
stead he introduced the concept of a local molecular field 
which can vary at inter-atomic length scales.® 

Using an example of two interlaced cubic sublattices, 
Neel described a new type of magnetic order in which the 
local molecular held had opposite sign on the two sub- 
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lattices, stabilizing a spontaneous magnetization of one 
sign on the first sublattice and of the opposite sign on the 
second sublattice. In magnetically isotropic systems, i.e. 
when neglecting the relativistic coupling between spins 
and the lattice, an infinitesimally weak external mag¬ 
netic field would align the antiparallel sublattice mag¬ 
netizations along an axis parpendicular to the applied 
field. With increasing field strength, the magnetic sub¬ 
lattices increasingly tend to cant their moments towards 
the field. This leads to the development of a non-zero 
net moment whose amplitude is inverse proportional to 
the local molecular field constant (to the exchange cou¬ 
pling between the sublattices), proportional to the exter¬ 
nal magnetic field, and independent of temperature. This 
was Neel’s explanation of the constant low-temperature 
susceptibility seen, e.g., in the elemental metal of Cr and 
later in a number of systems called antiferromagnets.^ 

Apart from introducing the concept of the local molec¬ 
ular field, several other observations made in Neel’s sem¬ 
inal works have provided key principles for the devel¬ 
opment of antiferromagnetic spintronics. Neel noted a 
general rule that effects depending on the square of the 
spontaneous (sublattice) magnetization should show the 
same variation in antiferromagnets as in ferromagnets^ 
One example he considered was the magnetic anisotropy 
energy. In ferromagnetic memories,^ it is this quantity 
that provides the energy barrier separating two differ¬ 
ent stable directions of ordered spins, representing 1 and 
0. Storing magnetic information in devices made of an¬ 
tiferromagnets should, therefore, be equally feasible, as 
confirmed in several recent experiments.!^"^ 

Fig.[T] shows an example of storing information, at 
temperatures of a few Kelvin, in a nanostructure com¬ 
prising an antiferromagnetic chain of Fe atoms.!^ A po¬ 
larized scanning tunneling microscope tip sets and de¬ 
tects, atom-by-atom, two distinct stable states of the an- 
tiferromagnetically coupled Fe spins. The measurements 
highlight current experimental capabilities, unthinkable 
at times of Neel’s seminal works, of the control of an¬ 
tiferromagnetic moments by aiming the external probe 
at a specific individual atom, belonging to one or the 
other magnetic sublattice. The experiment provides a 
direct microscopic image of information storage in an 
antiferromagnet. Moreover, it vizualizes with the ulti¬ 
mate atomistic resolution the Neel’s local field principle 
extended to non-equilibrium phenomena for writing and 
reading information in antiferromagnets. On the other 
hand, controlling a few spin nanostructure by spin polar¬ 
ized STM resembles a mechanical hard-drive taken in a 
laboratory environment to the ultimate atomistic limit. 
This scheme does not open a route to antiferromagnetic 
spintronics compatible with practical approaches for de¬ 
signing microelectronic devices. In the following section 
we show that in antiferromagnets with many magnetic 
atoms one can find physical phenomena that allow for 
the seemingly impossible local control of the antiferro¬ 
magnetic spin-sublattices by global electrical currents in 
common microelectronics set-ups. Simultaneously, the 


sufficiently large number of magnetic atoms in these de¬ 
vices provides robust storage at room temperature. 
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FIG. 1. a, Schematic of atoms on a surface coupled anti- 
ferromagnetically with exchange energy J. Surface-induced 
magnetic anisotropy fields cause the spins of the atoms to 
align parallel to the easy magnetic axis, D. A spin-polarized 
STM tip reads the magnetic state of the structure by magne¬ 
toresistive tunneling, atom-by-atom. A magnetic field applied 
parallel to D polarizes the tip. b, Spin-polarized STM image 
of a linear chain of eight Fe atoms. Spins are in Neel state 0. 
c, Section through center of chain in b, with the spin orien¬ 
tation of each Fe atom indicated by colored arrows, (d, and 
e,) same as b, and c, but in Neel state 1. From Ref. 


Before that, still in the context of this section focusing 
on equilibrium properties, we recall one more aspect of 
Neel’s pioneering studies. When analyzing the magnetic 
susceptibility in the presence of the magneto-crystalline 
anisotropy, Neel concluded that for the magnetic field 
applied along the antiferromagnetic easy axis the suscep¬ 
tibility is zero up to a spin-flop field that scales with the 
geometric mean of the exchange and anisotropy fields. 
Above the spin-flop field, the antiferromagnetic moments 
switch to a direction perpendicular to the field, resulting 
in the above constant susceptibility inverse-proportional 
to the exchange energy. In ferromagnets, on the other 
hand, magnetization is reoriented by magnetic fields pro¬ 
portional to the anisotropy fields. Relativistic or dipolar 
magnetic anisotropy fields are many orders of magnitude 
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weaker in typical magnets than exchange fields. Antifer- 
romagnets therefore not only generate zero stray fields 
and by this automatically eliminate unintentional mag¬ 
netic cross-talk between neighboring devices, but also 
provide magnetic storage that is exceptionally robust 
against magnetic field perturbations.^ 


Writing and reading magnetic state in 
antiferromagnets 

The insensitivity to magnetic fields comes at a price 
of the notorious difficulty of manipulating antiferromag¬ 
netic moments by means comparably efficient to ferro- 
magnets. One possibility is offered by the exchange¬ 
coupling at an inter face between an antiferromagnet and 
a ferromagnet.E^E^The effect is already utilized in ferro¬ 
magnetic spin-valves, comprising a pair of fixed and free 
ferromagnetic layers and forming the basis of commercial 
magnetic field sensors and magnetic random access mem¬ 
ories (MRAMs).l^ Exchange-coupling to an antiferromag¬ 
net enhances the magnetic hardness of the fixed reference 
layer.l^ In this arrangement, the antiferromagnetic mo¬ 
ments are assumed to be also fixed and the antiferromag¬ 
net plays only a passive supporting role in the spintronic 
device. In another arrangement where the ferromagnet 
is soft and the adjacent antiferromagnet thin enough, a 
weak external magnetic field can reorient the ferromag¬ 
net whose interfacial moments then drag the neighboring 
antiferromagnetic moments via the interfacial exchange 
spring. The method was already employed to control an¬ 
tiferromagnetic mo ments by weak fields in several studies 
of spintronic devices 

Electrical control by non-relativistic effects. In 
MRAMs, the trend is to abandon writiM by magnetic 
fields because the method is not scalable.l^ The most ex¬ 
tensively explored alternative is writing by the current- 
induced spin transfer torque (STT). It is basically a 
non-relativistic phenomenon understood in terms of the 
global angular momentum conservation and the corre¬ 
sponding transfer from the carrier spin angular momen¬ 
tum to the magnetization angular momentum^^ 

The STT is considered to be driven by an effective 
field proportional to the non-equilibrium carrier spin po¬ 
larization s in the free recording ferromagnet and to have 
the general form T = d'M./dt ^ M x s, where M is the 
magnetization in the free ferromagnet. In the limit of a 
short carrier spin life-time relative to the spin precession 
time in the free ferromagnet, s ~ p is independent of M 
and proportional to the polarization p of the injection 
spin current defined by the fixed ferromagnetic polar¬ 
izer. Magnetization dynamics induced by this field-like 
STT, T ~ M X p, is analogous to applying an external 
magnetic field. Switching then occurs when the current- 
induced effective field overcomes the magnetic anisotropy 
fields in the free ferromagnet. 

In the limit of long carrier spin life-time, the injected 
carrier spins precess around the magnetization of the 


free ferromagnet. The resulting s ^ M x p depends 
on M in this case. The corresponding (anti)damping¬ 
like STT, T ^ M X (M X p), can contribute or compete 
with the Gilbert damping in the ferromagnet, depend¬ 
ing on the polarity of the applied current between the 
fixed and the free ferromagnet. In different configura¬ 
tions, switching by this type of torque occurs when the 
current-induced effective field overcomes the anisotropy 
fields, or anisotropy fields rescaled by the magnetization 
damping factor which is typically <C 1. In common tran¬ 
sition metal ferromagnets, relatively long carrier spin life¬ 
times imply that the (anti)damping-like STT typically 
dominates. Electrical switching by the STT in ferromag¬ 
netic spin valves is reversible by flipping the sign of the 
writing current. 



FIG. 2. a, Schematic of a ferromagnet/antiferromagnet bi¬ 
layer. J is the vertical electrical current and p is the polar¬ 
ization of electrons injected from the hxed ferromagnet. b, 
Transition from parallel to perpendicular configuration of the 
ferromagnet and antiferromagnet spin axes can be induced 
by current of either polarity. Transition from perpendicular 
to parallel configuration can be induced only by a spin-flop 
magnetic field, Ho, assuming a fixed ferromagnet. c. Local 
(anti)damping-like STTs, Ti and T2, driven by staggered lo¬ 
cal non-equilibrium carrier polarization, si ~ Mi x p and 
S2 ~ M2 X p, on antiferromagnetic sublattices with magneti¬ 
zations Ml and M 2 shown before (dotted arrows) and after 
(solid arrows) the action of the STT (m is the canting mo¬ 
ment). From Ref. 1211 d. Vertical injection of a spin-current in 
a non-magnet/antiferromagnet bilayer due to a lateral electri¬ 
cal current and SHE in the non-magnetic layer, e. Reversible 
transition between the two configurations of the antiferro¬ 
magnet can be controlled by orthogonal in-plane electrical 
currents. From Ref. S) 

For antiferromagnets, the STT phenomenology is mod¬ 
ified by considering a spin current into a particular 
atomic site that tends to produce a torque which acts 
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on the spin centred on that site, attempting to restore 
spin conservation locallyP For a given spin sublattice i of 
the antiferromagnet, the local STT is given by the local 
sublattice magnetization and the local non-equilibrium 
carrier spin polarization, ~ x s^. As in ferromag- 
nets, two types of local non-equilibrium carrier spin po¬ 
larizations can be considered, Sj ~ and ~ x p^, 

corresponding to the local field-like STT, ~ x pi, 

and (anti)damping-hke STT, ~ x (M^ x pi), re¬ 
spectively. 

Unlike the STM experimeniP discussed in the previous 
section, here the manipulation of the antiferromagnet by 
the local non-equilibrium effective fields is considered to 
be driven by a global uniform electrical current. The 
local control by global currents is the key prerequisite for 
making antiferromagnetic microelectronics feasible. 

Figs. [§L-C show conceptually an example 
of the (anti) damping-like STT in a fixed- 
ferromagnet/antiferromagnet bilayer excited by a 
vertical electrical current.l^ Here the injected spin 
polarization form the reference ferromagnet is the same 
for both spin sublattices in the antiferromagnet, i.e. 
Pi = P 2 = p. It implies that the local non-equilibrium 
spin polarizations, Si ~ Mi x p and S 2 M 2 x p, 
have opposite sign on the two spin sublattices since 
Ml = —M 2 . The corresponding non-equilibrium field 
~ Si is, therefore, also staggered. This makes it equally 
efficient in the antiferromagnet as uniform current- 
induced helds that generate (anti)damping-like STTs 
in ferromagnets. For a uniform injection polarization 
p, the (anti)damping-hke STT is an even function 
of the global magnetization in ferromagnets or local 
spin-sublattice magnetization in antiferromagnets. The 
comparable efficiency in both types of magnetic systems 
reminds us again of the general Neel’s principle of the 
similarity between ferromagnets and antiferromagnets in 
M^-dependent quantities. 

On the other hand, the held-like STT in the antferro- 
magnet would be driven in the geometry of Fig. by 
a uniform non-staggered effective field ~ p, i.e., would 
be equally inefficient as a uniform external magnetic 
field acting on an antiferromagnet. We summarize that 
large reorientations of the antiferromagnetic moments by 
weak effective current-induced fields, comparable to the 
anisotropy helds (possibly reduced by the damping fac¬ 
tor), require staggered local effective helds, i.e., uniform 
non-staggered local torques (see Fig. [^). 

The efficient (anti) damping-like STT in the geometry 
of Fig. can induce a switching from a parallel to a 
perpendicular conhguration of the antiferromagnetic mo¬ 
ments with respect to the hxed ferromagnet, as shown in 
Fig. Dd. This is, however, independent of the polarity 
of the vertical electrical current so the antiferromagnet 
cannot be electrically switched back to the parallel con¬ 
hguration. A large spin-hop magnetic held has to be 
applied to reverse the state.^ Moreover, the structure 
comprises the auxiliary reference ferromagnet which di¬ 
minishes some of the merits of spintronics based on an¬ 


tiferromagnets alone. 

When using an antiferromagnet instead of the ferro¬ 
magnet as the reference spin injector, the polarization 
Pi of the transmitted electrons through the reference an¬ 
tiferromagnet can oscillate with a per iod commensurate 
with its antiferromagnetic order.ESMI By adding to the 
structure a second, free antiferromagnet with a commen¬ 
surate lattice one can infer from the above considera¬ 
tions the symmtries of the STTs acting in the second 
antiferromagnet. Since pi = —P 2 is staggered in this 
case, the effective held ~ ~ M^ x pi, driving the 

(anti)damping-like STT, is non-staggered and is therefore 
inefficient. In this case the efficient torque is the held-like 
STT driven by a staggered, magnetization-independent 
effective held ~ Pi. As mentioned above, the held-like 
STT tends to have the weaker amplitude of the two 
types of torques in common transition metals. More¬ 
over, microscopic calculations showed that in these all¬ 
antiferromagnetic spin valves, the non-relativistic STTs 
are subtle, spin-coherent quantum-interference phenom¬ 
ena relyin g on p erfectly epitaxial and commensurate 
multilayers .1^^221211 This may explain why the STT in an¬ 
tiferromagnetic spin valves has not yet been identihed 
experimentally. 

Disorder is also detrimental to the reading scheme pro¬ 
posed for the antiferromagnetic spin val ves w ithin the 
framework of non-relativistic spintronics .12*221 The pro¬ 
posal refers to the giant/tunneling magnetoresistance 
(GMR/TMR) in ferromagnetic spin valves with con¬ 
ductive/insulating non-magnetic spacer whose resistance 
depends on the relative orientation of the magnetiza¬ 
tion in the reference and free ferromagnet.^ In antifer¬ 
romagnetic spin-valves with perfectly epitaxial commen¬ 
surate multilayers, it is the relative orientation of the 
local spins on the last atomic planes of the two anti¬ 
ferromagnets facing each other across the non-magnetic 
spacer that determines the read-out resistance signal.l2^ 
The difficulty to observe the effect experimentally has 
casted doubts on the principle ability to detect by prac¬ 
tical means any effects of current on the magnetic order 
of an antiferromagnet.!^ The attention within the non- 
relativistic spintronics framework thus turned back to i n- 
terfaces of antiferromagnets with ferromagnet^^IlIIIIllHIZl 
and to indirect observations of effects in the antiferro¬ 
magnet by measuring induced magnet ic sign als in the 
adjacent exchange-coupled ferromagnet )2128H31] 
Electrical control by relativistic effects. Relativis¬ 
tic physics provides the means for electrical read-out 
of the orientation of the antiferromametic moments in 
bulk antiferromagnets and interfaces .*21 To comprehend 
this we can recall again Neel’s principle of the corre¬ 
spondence between ferromagnets and antiferromagnets 
in M^-dependent phenomena. We already mentioned 
that the relativistic magneto-crystalline anisotropy en¬ 
ergy is one example that has this property. Its relativistic 
magneto-transport counterpart is the anisotropic magne¬ 
toresistance (AMR).!^ 

The first generation of spintronic magnetic field sensors 
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and MRAMs made in ferromagnets used ohmic AMRP^ 
Recently, several experiments have demons trated AM R 
read-out in ohmic antiferromagnetic devices 
Fig. [3] shows an example of an FeRh antiferromagnetic 
memory resistoi^ in which one state has antiferromag¬ 
netic moments aligned parallel and the other state per¬ 
pendicular to the probing current direction. This allows 
to use the AMR for the detection. The read-out via 
a global electrical current is combined in this memory 
device with a room-temperature storage whose insensi¬ 
tivity to magnetic field perturbations at room tempera¬ 
ture was tested and confirmed up to 9 T. For setting the 
two distinct states, FeRh was heated above the transi¬ 
tion to a ferromagnetic state and then cooled back to the 
room temperature antiferromagnetic phase with a writ¬ 
ing magnetic field applied along one of the two orthogonal 
directions.^ The heat-assisted magneto-recording in the 
antiferromagnetic FeRh memory can be realized using 
electrically generated Joule heating.E^ 



FIG. 3. a. Schematic illustration of the FeRh memory. For 
writing, the sample is cooled in a field Hpc from a tempera¬ 
ture above the antiferromagnetic-ferromagnetic transition in 
FeRh. Black arrows denote the orientation of the magnetic 
moments in the ferromagnetic phase whereas either red or 
blue arrows denote two distinct configurations of the mag¬ 
netic moments in the antiferromagnetic phase, b, Resistance 
measured at room temperature and zero magnetic field after 
field-cooling the sample with field parallel (blue) and perpen¬ 
dicular (red) to the current direction, c, Stability of the two 
memory states at room temperature tested by measuring the 
resistance while rotating a 1 T magnetic field. The states 
cannot be erased by fields as high as 9 T. From Ref. 1101 

AMR signals in ferromagnets and antiferromagnets are 
typically limited to a few per cent which, together with 
the low resistivity, makes ohmic AMR devices unfavor¬ 


able for high density MRAMs.l^ For this reason, mod¬ 
ern ferromagnetic MRAMs use more resistive spin valves 
with a tunnel barrier separating t he fr ee and the reference 
layer and showing ^100% TMRs.l^ This has motivated 
studies of antiferromagnetic tunnel junctions. However, 
instead of the elusive non-relativistic antiferromagnetic 
TMR, experim ents focused on the relativistic tunnelling 
AMR (TAMR) |3 | 8|i6 | i7 | i 9i37| antiferromagnetic 

GMR/TMRp2 the TAMR devices can operate with only 
one magnetic electrode facing the tunnel barrier and 
hence do not rely on the subtle spin-coherent quantum- 
interference effects.l^ 

Bistable antiferromagnetic TAMR signals as large as 
160% have been reported at low temperature^ and are 
illustrated in Fig|^ The magnetic electrode in this anti¬ 
ferromagnetic TAMR device is formed by a conventional 
IrMn/NiFe bilayer, however, with an inverted order as 
compared to conventional TMR stacks. In the latter de¬ 
vices, the ferromagnet (NiFe) is placed in contact with 
the tunnel barrier and serves as the reference to the free 
ferromagnet on the other side of the barrier. The anti- 
ferromagnet (IrMn) is at the other interface of the refer¬ 
ence ferromagnet forming a fixed exchage-bias structure. 
In the inverted structure used for the antiferromagnetic 
TAMR experiments, the IrMn antiferromagnet is in con¬ 
tact with the barrier and by this governs the TAMR. 
Antiferromagnetic moments of IrMn are rotated via the 
exchange-spring effect from the NiFe ferromagnet at the 
opposite interface which is sensitive to weak magnetic 
fields (see Figa¬ 
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FIG. 4. a. Larger than 100% TAMR signal recorded in a 
NiFe/IrMn(1.5 nm)/MgO/Pt tunnel junction. The insets il¬ 
lustrate the rotation of antiferromagnetic moments in IrMn 
through the exchange-spring effect of the adjacent NiFe ferro¬ 
magnet. b. The external magnetic field is sensed by the NiFe 
ferromagnet whereas the tunnelling transport is governed by 
the IrMn antiferromagnet. From Ref. jS] 


Similar to the reading, efficient electrical writing 
schemes in antiferromagnets become feasible when intro¬ 
ducing the relativistic spin-dependent phenomena into 
the antiferromagnetic spintronics.l^ Neel’s concept of lo¬ 
cal fields, extended to non-equilibrium properties of 
antiferromagnets,^ remains central. However, relativis¬ 
tic quantum mechanics adds to it new robust means 
for controlling these local fields by global electrical 
currents without auxiliary reference ferromagnets in 
the structure and without relying on subtle quantum- 
interference effects at perfectly ordered interfaces of mag- 
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netic multilayers®^ 

Compared to the angular momentum to angular mo¬ 
mentum transfer governing the non-relativistic STT in 
magnetic multilayers, the spin-orbit coupling term in 
the Dirac equation allows for the additional linear mo¬ 
mentum to spin angular momentum transfer phenomena. 
This opens the possibility of constructing spintronic de¬ 
vices with a single uniform magnetic component and with 
self-referencing schemes provided by the internal linear 
momentum to spin angular momentum transfer under 
applied electrical currents.!^ 

Experimental roots of this relativistic pillar of antifer¬ 
romagnetic spintronics can be traced back to one of the 
Neel’s contemporaries, Clifford Shull. Apart from pro¬ 
viding the first direct evidence of the antiferromagnetic 
order by neutron scatterin^^ (Nobel prize in 1994), he 
made earlier seminal experiments with electron beams.® 
The experiments confirmed the validity of Dirac’s rela¬ 
tivistic quantum mechanics by observing Mott scattering 
of electrons from heavy nuclei.® The counterpart of Mott 
scattering in condensed matter physics is the spin Hall 
effect (SHE).® It allows for turning even a non-magnetic 
conductor into an efficient injector of spin current and for 
using it instead of th e refe rence ferromagnetic polarizer 
in spin torque devices.®® 

As illustrated in Figs. [^,e, a vertical spin current 
can be generated in a non-magnetic/antiferromagnetic 
stack due to the SHE in the spin-orbit coupled non¬ 
magnetic polarizer by an in-plane electrical current. The 
(anti)damping-like STT can efficiently reorient the anti- 
ferromagnet as in the case of the ferromagnetic polarizer 
and of injection by the vertical electrical current.® More¬ 
over, the SHE devices require no auxiliary ferromagnet in 
the structure and allow for a reversible electrical switch¬ 
ing between the two orthogonal antiferromagnetic states 
by applying the writing electrical current along two or¬ 
thogonal in-plane directions (see Figs. il,e). 

Still, the SHE stack geometry has some limitations. 
The torques are sensitive to the quality of the non- 
magnetic/antiferromagnetic interface and are efficient 
only for antiferromagnetic film thicknesses of the order 
of the spin diffusion length which in antiferromagnets is 
typically on the nanometer scale.® Experimental indica¬ 
tions of the presence of the SHE-induced torques have 
been recently reported at interfaces of ultra-thin IrMn 
with strongly spin-orbit coupled non-magnetic Ta.® 

The SHE was experimentally discovered a decade ago 
as a compani on phe nomenon to the inverse spin galvanic 
effect (ISGE).®® The origin of the ISGE is also in the 
relativistic transfer between linear and spin angular mo¬ 
menta. Unlike the SHE generating a bulk spin-current 
and a resulting surface/interface spin polarization, ISGE 
induces a non-equilibrium spin polarization in the bulk of 
a crystal. It was experimentally discovered in GaA^®® 
where the non-equilibrium spin-polarization is globally 
uniform, as illustrated in Fig. Apart from the spin- 
orbit coupling, the global current-induced spin polariza- 
ton by ISGE requires a non-centrosymmetric unit cell of 


the crystal, as is the case of the zinc-blende GaAs. (For 
the cubic lattice of GaAs, an additional symmetry low¬ 
ering is required by, e.g., a tetragnal deformation due to 
strain.) 

As in the zinc-blende lattices, the related diamond lat¬ 
tices of e.g. Si or Ge, shown in Fig.[^, have two atoms in 
the unit cell with locally non-centrosymmetric environ¬ 
ments. The two atoms sitting on the inversion partner 
lattice sites are, however, identical which makes the di¬ 
amond lattice unit cell globally centro-symmetric. As 
a result, the diamond lattice is an example where the 
ISGE can generate local non-equilibrium spin polariza¬ 
tions with opposite sign and equal magnitude on the two 
inversion-partner atoms while the global polarization in¬ 
tegrated over the whole unit cell vanishes.® Here a uni¬ 
form electrieal current induces a non-equilibrium antifer¬ 
romagnetic spin polarization in the bulk crystal. 

In Si there is no equilibrium antiferromagnetic or¬ 
der that could be manipulated by these local staggered 
non-equilibrium polar izations. However, antife rromag- 
nets like CuMnAlli® shown in Fig. or MnaArP®®® 
share the crystal symmetry allowing for the current- 
induced staggered polarization whose sign alternates 
between the inversion-partner atoms. Moreover, one 
inversion-partner lattice site is occupied by the mag¬ 
netic Mn belonging to the first antiferromagnetic spin 
sublattice and the other inversion partner to the second 
spin sublattice. Under the applied electrical current, a 
commensurate self-induced staggered polarization play¬ 
ing the role of the above STT’s is generated internally 
by the ISGE. As in the case of the non-relativistic STT, 
the field-like component of the relativistic spin torque 
induced by the ISGE can efficiently reorient the antifer- 
romagnet for the case of staggered p^. 


FIG. 5. a, Global ferromagnetic-like non-equilibrium spin po¬ 
larization generated by electrical current in a non-magnet lat¬ 
tice with global inversion-asymmetry (e.g. GaAs) due to the 
ISGE. b, Local antiferromagnetic-like non-equilibrium spin 
polarization in a non-magnet lattice with local inversion- 
asymmetry (e.g. Si) due to the ISGE. Red dot shows the 
inversion-symmetry center of the Si lattice. The two Si atoms 
on either side of the center occupy inversion-partner lattice 
sites with locally asymmetric environments. In GaAs lat¬ 
tice, the inversion-symmetry center is absent since the two 
inversion-partner cites in the unit cell are occupied by differ¬ 
ent atoms 

Recent experiments have demonstrated® that the rel¬ 
ativistic staggered fields can indeed couple as strongly 
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AMR-read biaxial AF 


to the Neel order as uniform fields couple to the global 
magnetic order in ferromagnets. It opens the possibility 
for constructing antiferromagnetic devices using analo¬ 
gous microelectronic designs to the ferromagnetic AMR- 
MRAM^^ with the writing Oersted held replaced by the 
relativistic current-induced staggered held. 

Fig. [§3 illustrates the AMR read-out combined with 
electrical writing by the staggered helds in a biaxial an¬ 
tiferromagnetic memory.Sl Commercialized ferromagnetic 
AMR-MRAM^^ utilized uniaxial magnets with opposite 
magnetizations representing 1 and 0. Uniaxial magnets 
tend to have higher magnetic anisotropy barrier between 
the two memory states and, therefore, more robust stor¬ 
age than biaxial magnets. In this case the Oersted held 
was used also for reading by partially tilting the mag¬ 
netization of one state towards and of the other state 
away from the reading current direction. This allowed 
to read the uniaxial memory states by the AMR. As il¬ 
lustrated in Fig. the current induced staggered helds 
allow for employing an analogous scheme in a uniaxial an- 
tiferromagnet. Alternatively, the current-induced ISGE 
polarization can act as an internal self-reference for a 
GMR-like readoutwithout involving any tilt of the 
moments. At a larger applied current, a larger amplitude 
staggered ISGE-held can also allow for reversing the uni¬ 
axial antiferromagnet, as illustrated in Fig. [6ji,e. 


Generation, detection, and transmission of 
spin-currents in antiferromagnets 

Spin-current generation by the SHE mentioned in 
the previous section is not limited to non-magnetic 
materials.!^ It has been experimentally demonstrated 
that antiferromagnets with strong spin-orbit coupling can 
also act as efficient SHE spin injectors. Measurements 
showing electrical reorientation of a ferroma gnet b y the 
SHE induced in an adjacent antiferromagnetP^ESI high¬ 
light that antiferromagnetic spintronics aims not only at 
replacing ferromagnets but also at assisting ferromagnets 
in their performance in spintronic devices. We also note 
that, according to recent theory predictions,^ even insu¬ 
lating antiferromagnets can act as efficient spin-current 
sources via the antiferromagnetic resonance spin pump¬ 
ing. 

Large inverse SHE s observed in transition metal 

antiferromagnetimply their utility as spin-current 

detectors. Experiments illustrated in Fig. have demon¬ 
strated the detection by the inverse SHE in IrMn of spin 
currents generated either thermally by the spin Seebeck 
effect or by microwave spin pumping from an adjacent 
insulating ferromagnet. 

Recent studies suggest that antiferromagnets can also 

act as efficient spin-current transmittersfm^g. 

tionality has been studied primarily in insulating antifer¬ 
romagnets where spin currents are transmitted by exci¬ 
tations of the local moments without involving charge 
transport. Theory predicts that antiferromagnets can 


AMR-read uniaxial AF 



FIG. 6. a, Local antiferromagnetic-like non-equilibrium spin- 
polarization inducing a local staggered effective field (thin ar¬ 
rows) in an antiferromagnet (thick arrows) lattice with local 
inversion-asymmetry (e.g. CuMnAs). b, Top: electrical AMR 
reading of two stable orthogonal antiferromagnetic magneti¬ 
zations representing 1 and 0 in a biaxial memory. Gold lines 
show probing current path. Bottom: Electrical writing of the 
states by a strong staggered effective field generated by one 
or the other orthogonal writing current paths (gold lines with 
arrows indicate current direction), c, AMR reading of a uni¬ 
axial antiferromagnet assisted by a weaker current-induced 
staggered field that partially tilts the 1/0 state away/towards 
the current direction, d, ”GMR”-like reading of a uniaxial 
antiferromagnet assisted by a weaker current-induced stag¬ 
gered spin-polarization aligned/anti-aligned with sublattice- 
magnetizations in the 1/0 state, e, Electrical writing of the 
uniaxial antiferromagnet by a strong current-induced stag¬ 
gered field by one or the other current polarity. 


support an essentially lossless superfluid spin transport 
over length-scales inverse proportional to the antiferro¬ 
magnetic damping parameter.lSS 


(a) (b) 



FIG. 7. Sketches showing the YIG/IrMn or YIG/Pt struc¬ 
tures and the electrodes used to measure the dc voltage due to 
the ISHE in IrMn (Pt) resulting from the spin currents gener¬ 
ated in two configurations: a, microwave FMR spin pumping 
from YIG and b, longitudinal spin Seebeck effect. The static 
field H is applied in the film plane. From Ref. 1621 
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Fast magnetic moment dynamics in 
antiferromagnets 

As already noted in the seminal Neel’s works reorien¬ 
tation of the antiferromagnetic moments involves canting 
of the two spin sublattices from their equilibrium an¬ 
tiparallel state which costs exchange energy!^ In ferro- 
magnets, a coherent reorientation of the magnetization 
involves no relative canting of the moments and the as¬ 
sociated energy cost is only related to the much weaker 
magnetic anisotropy. As a result, antiferromagnet s hav e 
typically much faster dynamics than ferromagnets .1^*^ 

An illustration has been provided by optical experi¬ 
ments in insulating antiferromagnets.l^^t^ For example, 
picosecond-scale reorientation of the antiferromagnetic 
spin-axis was reported in an optical pump-and-probe 
study of a rare-earth orthoferrite.^^ The origin of the 
generated staggered field was different than in current 
induced spin torques discussed above. The material has 
a temperature dependent antiferromagnetic easy-axis di¬ 
rection and the corresponding staggered anisotropy field 
was induced by laser-heating the sample above the easy- 
axis transition temperature. The microscopic origin of 
the staggered field is not crucial, however, for the time- 
scale of the spin-dynamics. The experiment therefore 
illustrates that the antiferromagnetic spin-axis reorienta¬ 
tion in memory devices with electrical writing is not lim¬ 
ited in principle by the antiferromagnetic spin dynamics 
itself but only by the circuitry time-scales for delivering 
electrical pulses which can reach ^100 ps.^ 

Studies of the dynamics in the antiferromagnetic spin- 
tronic devices are not limited to coherent reorientation of 
uniform antiferomagnetic domains. Recent theory works 
have considered also schemes empl oying domain walls 
and other antiferromagnetic textures.E^I^^HZSI 

Antiferromagnetic materials for spintronics 

The research of insulating antiferromagnets is an ex¬ 
ample of the broad range of materials considered in the 
context of antiferromagnetic spintronics. Simple transi¬ 
tion metal oxides served as ideal model systems from the 
early days of anifrromagnetisirP and led to the discovery 
of exchange bias.^ Above we also mentioned the role of 
complex oxides in optical experiments in antiferromag¬ 
nets. BiFeOs is another remarkable member of the fam¬ 
ily of insulating antiferromagnets. It combines a high- 
temperature magnetic order with ferroelectricity and of¬ 
fers a range of phenomena for spintronics stemming from 
the interplay of the two types of order in a multiferroic 
material .1^ 

Antiferromagntic semiconductors are the natural can¬ 
didates for integrating spintronics and tradi tional mi¬ 
croelectronics functionalities in one material.^^^^^ The 
synthesis of semiconductors with high-temperature ferro¬ 
magnetic ordering of spins, which would simultaneously 
enable the conventional tunability of electronic prop¬ 


erties and spi ntron ic functionalities, remains a signifi¬ 
cant challengeOn the other hand, antiferromagnetic 
order occurs much more frequently than ferromagnetic 
order, particularly in conjunction with semiconducting 
electronic structure,!^ as illustrated in Tab. |l] 

Recent studies have identified several candidate an¬ 
tiferromagnetic semiconductor materials, ranging from 
counterparts of com mon zinc-b lende or heusler com¬ 
pound semic onducto rs,to perovskite semicon¬ 
ductor oxides. ^ l ^"*^ ! ^^ ! A particular focus in this materials 
research has been on the preparation of thin epitaxial 
films and heterostructures as a prerequisite for the en¬ 
visaged spintronic devices. Spintronic functionalities, in¬ 
cluding AMR read-out and storage, have been already 
demonstrated in seve ral antiferromagnetic semiconduc¬ 
tor structures! ^^*^^ * ^^ ! 


II-VI 

Tc (K) 

Tn (K) 

III-V 

n (K) Tjv (K) 

MnO 


122 

FeN 

100 

MnS 


152 

FeP 

115 

MnSe 


173 

FeAs 

77 

MnTe 


323 

FeSb 

100-220 

EuO 

67 


GdN 

72 

EuS 

16 


GdP 

15 

EuSe 


5 

GdAs 

19 

EuTe 


10 

GdSb 

27 

I-VI-III-VI 



II_V-IV-V 


CuFe02 


11 

MnSiNa 

490 

CuFeS 2 


825 

I-II-V 


CuFeSe 2 


70 

LiMnAs 

374 

CuFeTe 2 


254 




TABLE I. Comparison of ferromagnetic Curie temperatures 
(Tc) and antiferromagnetic Neel temperatures (Tv) in II-VI, 
I-VI-III-VI, III-V, II-V-IV-V, and I-II-V magnetic semicon¬ 
ductors. From Refs. 15^ and 1831 and references therein. 

In previous sections we already mentioned examples of 
metal antiferromagnets which have so far driven much 
of the research in antiferromagnetic spintronics. Alloys 
of Ir and Mn are a prime example of metal antifer¬ 
romagnets gradually progressing from favorable passive 
exchan ge-bias m aterials to active electrodes in TAMR 
devices to SHE injec tors o f spin current con¬ 
trolling adjacent ferromagnets,!^^*^ or to sensitive spin 
detectors.l^ 

An additional remarkable property of IrMna is that its 
non-collinear antiferromagnetic order with three compen¬ 
sated spin sublattices is expected to allow for the anoma¬ 
lous Hall effect (AHE).I^ In ferromagnets, AHE scales 
linearly with magnetization which suggests its absence in 
antiferromagnets. Its origin is described in terms of the 
broken time-reversal symmetry of the ordered state and 
spin-orbit coupling.l^ Antiferromagnets have also bro¬ 
ken time reversal symmetry resulting in the sublattice 
magnetization. In collinear antiferromagnets, however, 
a time-reversal combined with translation recovers the 
symmetry and makes the AHE vanish. However, such 
a symmetry operation is not in general present in non- 























capacitively coup led to the transport channel which can 
be non-magneticpSl^ These types of devices with the 
gate electrode formed by a strongly spin-orbit coupled 
antiferromagnet will have a more complex design than 
ohmic or tunneling resistors but may provide a significant 
enhancement of the detection signal. Inverse transistor 
structures with a normal gate and the transport channel 
made of an aniferromagnetic semiconductor represent a 
complementary and yet another unexplored research di¬ 
rection. 

The potential mid or long term applications of anti¬ 
ferromagnetic spintronics will depend on results of these 
and many other research directions in the field. One area 
of applied interest may be magnetic cloaking, i.e., mak¬ 
ing objects invisible to magnetic fields. Referring to real 
physical objects, this was already one of the many practi¬ 
cal interests of NeeP^and it keeps intriguing scientists to 
date.l^ The new twist that antiferromagnetic spintronics 
introduces to magnetic cloaking is making magnetically 
invisible not only the physical object, namely the mag¬ 
netic medium or device, but also the information stored 
on the device. Here starting from a single bit may al¬ 
ready initiate new paths to viable applications. Mag¬ 
netic cards or security tags invisible to common scanners 
for ferromagnets and uneraseable by high magnetic fields 
are clearly foreseeable within the current knowledge in 
antiferromagnetic spintronics. 

For computer MRAMs, antiferromagnets may turn 
more practical than non-magnetic SHE layers in the 
lateral-current writing schemes since their magnetic order 
provides additional functionalities, such as the exchange- 
bias. Purely antiferromagnetic MRAMs with the writing 
and reading performances matching the most advanced 
ferromagnetic MRAMs are a challenge for a longer-term 
research. Still, with the functionalities available to¬ 
day, the antiferromagnetic counterpart of the early fer¬ 
romagnetic AMR-MRAM is in principle feasible. It 
can be used to demonstrate the combination of the 
radiation- hardness,^ genuine to spin-based devices, with 
the exceptional magnetic-field-hardness of antiferromag¬ 
nets. Finally, we anticipate that unique spin-transport 
characteristics of insulating antiferromagnets, including 
the predicted lossless spin-transmission, may find appli¬ 
cations in spin interconnects and make antiferromagnets 
potentially att ractive for basic and applied research in 
magnonics.ll^ 
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